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Abstract

‘1’hc photo]ysis  of chlorine nitrate was studiccl using broadband flash photolysis coupled with

long-path ultraviolet-visible absorption spectroscopy. IIranching  ratios for the Cl + N(13 and

C10 + NOz product channels were cictcrmincd from time-dependent measurements of C10 and

N(J3 concentrations. Yields of the C10 and N03 products displayed a dependence on the bath gas

density and the spectral distribution of the photo]ysis  pulse. l’mduct  yields decreased with

increasing bath gas density regardless of the sJ}cctral  distribution of the photolysis pulse,

however the dccrcasc  in product yield was much more pronounced whcJI photo] ysis was limited

to ]ongcr wavc]cngths. l~or photolysis  in a quarl~,  cell (1 >200  ml) the yield decreased by a

factor of two over the pressure 10-100 ‘J’orr. in a l’yrcx cell (1. >300 rim), the yield decreased

by a factor of 50 over the same pressure range. WhcJ) phololysis  was limited to k >350  nm, Ihc

yield decreased by a factor of 250. Rranching  ratios for the photolysis  channc]s

C10N02 ----- ) C10 -I NOz (la)

--..t~.-, (’1 + N()
3 (lb)

were dctcrmincd  from the relative C10 and N03 product yields at various pressures. Althoug)h

the absolute product yield displayed a pressure dcpcndcnce,  the branching bctwccn  the two

channels was il)dCpCJldCJlt  of pressure. “1’hc  branching ratios arc [31, = 0.6102 0.059 and ~1~ =

0.390 f 0.059 for photolysis with X >200 Jm, and (11, = 0.440 f 0.070 and [~1~ = 0.5603 0.070

for phololysis with k >300 mm. ‘1’hc implications of these rcsu]ts for the chemistry of the lower

stratosphere arc di scusscd.
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I. Introduction

‘l’he photolysis of chlorine nitrate (C10N02) may procccd through cm of several bond

cleaving processes, the most likely being

CIONOz hv > C10 + N02

‘v -> (Y -t N03-.—.

‘bthrcsh = 1068 nm

Lhrcsh =- 695 nm

(la)

(lb)

---b CIONO  + 0(31’) ‘ttmsh ‘ 5 ] 6 IITI1 (lC)

where k,l,rest)  is the threshold wavelength for the indicated channel. ‘1’hc quant  m yields of the

radical product channels, the wavelength dependence of the dissociation rate, and the possible

effects of bath gas collisions arc measurements which provide information about the dctai led

dynamics of the dissociation process. A nulnber  of previous studies have examined the

branching ratios among the various dissociation pathway s.’-9 in 1983, Margitan  reported that

branching anmng the possible product channc]s  was doJniJlatcd  by rcactioJ~  1 b with 90V0 of

dissociation occurring via this process aJld the remaining 10% proceeding via reaction 1 c at 266

lIJ)l and 355 llJN.6 I IC saw no evidence of the C]() product from reaction 1 a even though

dissociation via this channel clcavcs  the weakest boJld in the molecule. ‘1’hcsc val~Jcs have served

as the basis for rcconlJncndations  for atmospheric modeling calculations. in a recent set of

experiments, Minton  et al. photolyzcd  C10N02  in a molecular beam and dctcctcd  the products

with time- aJld angle-resolved mass spcctroJnetry.8 ‘]’hcy reported nearly  cqua] braJlchiJlg ratios

for chanJlc]s  1 a and 1 b when photo]  yzing at 248 Jm, aJld the braJIChiJlg  favored chaJmcl 1 b by a

rat io of -2:1 when photo] yzing  at 193 nJn. ‘1’hey  found no cvidcncc  of rcactioJ~  1 c at either

photo] ysis wavelength and placed aJl upper liJnit  on this chaJIJlc] of< 4°/0.

Grafia  et al. have recently performed ah iniiio calculatioJls  on C10N02 usiJ~g,  configuratioJl

iJltcraction  methods with a large basis set.’(’ Vertical excitation energies were calculated for

several clcctroJ~ic  states iJ~ the sing]ct  and tliplct  maJlifo]ds,  and oscillator strengths were

dctcrmiJlcd for singlet-singlet transitions. ‘1’his work has helped to identify the electronic states

iJlvo]vcd iJl ClONO? photodissociatioJl  and have permitted the assigJm~cnt  of several of the bands

observed in the ultraviolet absorptioJl  spectrum.
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l<ccent interest in chlorine  nitrate stem from its involvement in the chemistry of the

stratosphere. C.10N02 is produced by the recombination reaction

C]() + N02 + M –> CIC)NQ + M

and is an important temporary reservoir of it ~organic  chlorine in the lower and middle

stratosphere. ‘Illc most significant loss mechanism for C10N02  is photodissociation, and the

relative photolysis quantum yields have implications for tbc production and loss of ozone. While

photolysis pathway 1 a results in a null cycle, photodissociation  via pathway

catalytic cycle for ozone loss:

CION02  + hV --) C;]+ N03

b results in a

(:10

N03 -+ hv --> NO+ 02

NO+ 03-> N02 + 02

C] + o~ -> C]() + 02
i N(32 + M -> C10N0 2 + M

net: 20S --> 30~

‘]’his cycle is particularly important at the edges of the polar winter vortex.

While the relative quantum yields are important for atmospheric modeling, the absolute

magnitude of the C10N02 photodissoeiation  rate is also important insofar as it dctcrmincs the

partitioning of inorganic chlorine between C10N02  and 110 in the lower and middle

stratosphere. “]’he iirst-order phOtO]ySi S rate const:int,  ~(;loN02,  is giVCll

,JC.,,,A,,,2 (2) = JL,(,,O+ C,oh’,),  (~)w)~~

where lSO1#~,  z) is the solar flux at wavelcng,th  ?. and altitude z, u

by

,.,(,h,,)2  (k) is the absorption

cross section, and O(k) is the quantum yield for photodissociation  into all raclical  channels.

1 IC1OW 28 km, solar radiation is restricted primarily to wavelengths longer than about 290 nm. As

a result of the rapidly decreasing C10N02 cross section and increasing solar flux at wavelengths

loJ~gcr than this cutoff, the product ICJCIJ maximizes at about 330 nm. 1 lowcvcr, laboratory

measurements of C10N02 quantum yields usual] y take place at JnLICh shorter wavelengths to take

advantage of the larger absorption cross sections. Atmospheric model calculations have adopted

these quantum yields under the assumption thal they also apply in the spectral region beyond 290

m. ‘1 ‘his assumption Jnay be incorrect if, for example, excitation in the long wavelength tail of
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C10N02 results in intersystem  crossing to the triplet manifold. I’he formation of mctastablc

triJ~lct staics  could dccreasc  the cffcctivc  value of .Jc.,(),v(), if collisions] de-excitation can compctc

with dissociation. In the atmosphere, this WOUI(I have the effect of reducing 1 ICI and increasing

CIONOZ at the lower altitudes.

We have performed an extensive set of measurements on the dissociation of chlorine nitrate

in order to determine the product branching ratios and yields as functions of photo]ysis

wavclcngtb and pressure. ~’hc tcchniquc  employed a broadband flashlamp  for photolysis and

long path [lV/visible absorption to detect the p~oducts. Section 11 describes the experimental

apparatus and data acquisition. Section 111 outlines the results including the branchinc ratios into

the different product channels as a function of wavelength and the dependence of the product

yic]d on the total pressure within the reaction ccl]. Section IV presents a mechanism for

dissociation which clualitativcl y simulates the cssmtial features of the data. A brief discussion of

the implication for stratospheric chemistry is also prcscntcd.

11. Jhpcrimcntal

‘J’hc flash photolysis/long path UV-visible absorJ)tion apparatus and basic techniques

employed in these cxpcrimcnts have been described in detail previously,” and only those points

unique to this study will be emphasized. Chlorine nitrate was synthesized by the reaction of

CIJO with N205. C120 was made using the method of Cady12 in which a 10-20% mixture of Clz

in helium was slowly flowed over dried 1 lgo su]jportcd  on 4 mm glass beads. ‘1’hc reaction was

carried out at a total pressure of 250 ‘1’orr. l’roduct CIZO and unrcactcd  Clz were collcctcd  at 161

K in an ethanol/N2(l) trap. C120 was purified by vacuum distillation at 195 K (iso-

propanolKIOL(s) slush) until Cl~ was undctcctab]c  as observed by monitoring the lJV absorption

band ccntcred  at 325 nm. Nz05 was produced from the reaction of NOZ and 03. A slow flow of

neat N02 was combined with 03 from an ozoniz.cr and allowed to react in a 9 mm tube 21 cm in

length. N20 5 was collected in an i.~o-propal~oll(~oz(s)”  trap. ‘l’he flow of NOZ was adjusted so

that the reaction ran to completion within the length  of the tube.
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Chlorine nitrate was produced by transferring unclcr vacuum a small ammmt of Clzo into

the container of N20~. “J’hc ccmtaincr was slowly warmccl  10273 K at which temperature the

react ion of C.12C) with N205 to form ClON 02 is complctc. ‘]’his process of adding  Clzo to the

N20/C10N02  container was rcpcatcd  until only a small amount of N205 remained, By leaving

an cxccss  of N2C)5 relative to C120, it was assured that there would bc no C120 impurity in the

CION02  sample, C10N02 was separated from N20f by vacuum distillation to a 195 K bubbler.

l~inal]y,  the chlorine nitrate sample was chcckcd for C12 impurity by monitoring the chlorine

absorption band ccntcrcd  at 325 ml. No perceptible inlpuritics  were detected,

‘1’wo rcacticm CC1lS with idcntica]  geometry were used in this study. Onc was constructed of

quar[x, and the other from l’yrcx glass, ‘lIIc reaction CCIIS consisted of a 30 mm id, x 90.5 cm

cylindrical tube surrounded by three annular jackets. ‘]’hc outermost jacket was ccmncctcd  to a

chil]crfllcatcr  circulator to allow tcmpcraturc cmltrol of the reaction. ‘1’hc tcmpcraturc within the

reaction cell was varied from -253 K to 400 K, I’hc middle  jacket comprised the flash lamp.

“1’his  jacket was connected to a high voltage power supply via tungsten electrodes and was filled

with 30 ‘1’orr xenon.  27.5 kV was discharged flom a 2.4 pIJ capacitor through the xenon gas to

produce a broadband flash of light 10-20 ps in duration. ‘1’hc jnncrnmst  jacket was used to

spcc[rall y filter the output of the xenon flash lamp by the use of inorganic salt solutions. “l’he use

of different cel 1 materials also allowed spectral selection of the short wavc]cngth  cut-off of the

photolysis source. “1’he 1’ yrcx cell did not transmit 1 ight at wavelengths shorter than 300 nm, but

the quartz CCI1 trammittcd  light down to approxilnatcly  200 m].

l~]ash lamp spectral distributions were obtained by imaging the scatter-cd light exiting the

reaction ccl] windows onto a 0.3 m monochromator that was equipped with a 1024 pixel diode

array detcctcm. A 1200 line mm-l gratinp,  blazed at 250 nm was used for the spectral

mcasurcmcnts  which resulted in a spectral bandpass  of approximately 60 nm. 3’o obtain the

complete spectral distributions from 200 m to 450 nm (the region over which chlorine nitrate

has measurable absorption cross sections accessible in these experiments) h was necessary to

scan the monochromator  in 50 mm steps, collect the scattered light data, and splice the measured

spectra together. Absolute wavc]cngth  cal i brat ion was provided by a mercury pcn ray lamp.

Spectral distributions for the unfiltered photolysis  light in the quartz and Pyrex cells arc shown in
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l~igurc  1. Solutions of chromium potassium sulfate (CrK(SOd)zsl  21 lZO, 100 g 1,-11 lqO) and ccric

ammonium nitrate (Cc(N1  1.)2 (N03)G, 5 g I ,“] 1 IZ[)) were also used in the l)yrcx cell filter jacket

to provide further spectra] sc]ection of the photolysis  light. Spectra] distributions for these salt

solutions arc also shown in I~igure  1. ‘1’hc ovcr]ap of the spectral distributions from the four

ccl Ml Itcr combinations with the C10N02  absorption spectrum is shown in l~igure 2.

Chlorine nitrate was introduced into the reaction CCII by passing helium (99.999?40)  through

a bubbler containing pure CIC)NQ liquid at 195 K (ismpropanolKX32 (s) slush). ‘J’hc backing

pressure of helium was set at 510 or 1020 ‘1’orr depending on the desired CIONO1 concentration

in the reaction cell, Bath gas was added to the (~lONO#hcliun~  mixtm prior to entrance into the

reaction ccl] to allow complctc  mixing of all gases. Species concentrations were determined

using calibrated mass flow meters, and flow rates of each gas were adjustul  in orclct to maintain

the desired total pressure and CION02 concentration. “Ihe pressure of the reaction cell was

measured with a capacitance manometer ancl maintained at a preset value by means of an

automated control valve  at the cell exit to the vacuum pump.

“J’hQ mechanism of chlorine nitrate photo]ysis  were studied by monitoring the (;10 and N03

products. CIO and N03 were monitored by lJV/visible absorption spectroscopy in which the

collimated output of a 150 W xenon arc lamp was passed through the reaction cell using Whitc-

tyJ>c optics to achieve a total optical  path ]cngth of 724 CJN. }:or those mcasurcmcnts in which

high temporal rcsolut  ion was desired, the arc lamp beam was dircctcd to a 0.5 m monochromator

equipped with a photomultip]icr t ubc (1’M”J ‘). ‘J’hc slits of the single wavelength I’M’]’

spcctromctcr were 150 pm. l;or C1O detection, the spectrometer was equipped with a 2400 line

mm-]  grating blazed at 300 nm. ‘1’he spectrometer was tuned to the A21 J (v’ =- 12) <-- X211

(v” = 0) vibrational band at 275.3 nm. ‘1’hc light intensity was measured with a 1<166U11 l)M~’.

‘1’hc l’M~’ signal was passed to an amplifier which had a variable low-pass filter. ‘1’he amplified

signal was digitized and signal-averaged using a 100 kll~, digital oscilloscope. l~or the N03

product, a 1200 line mm”’ grating blazed at 500 ml and a R955 PM”J’  were used, I$he

spectrometer was tuned to the A <— X transition at 662 nm.

CIC) and N03 were also monitored using a 0.3 m monochromator equipped with a 1024

pixel diode array detector. ‘l’his detector required a minimum of 16.67 ms to read and store data
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from all pixels of the array. ‘1’hc minimum time required to scan the array could bc shmtencd by

reading CJnl y a subset of the array pixels: for example, the time resolution was rcduccd  to 5 m by

reading only 270 consecutive pixels. };or (~]() dctccticm, a 2400 Iinc Jnm-] grating was USCCJ

whic}l rcsu]tccl  in a spectral bandpass  of-30 Jm, ‘1’hc grating was tuned to 280 nm which lies in

Ihc middle of’the A*1J <-- X*H vibrational pro~rcssion. ]“or N03, a 1200 ]ine Jnm-] grating with a

spectral bandpass of -60 mm was tuned to 640 ml where the prominent A <-X (0,0) and (1 ,0)

vibration] transitions could bc simultaneously dctcctcd. ‘l’his spcctromctcr offered incrcascd

sensitivity for both ~10 and N03 over the single wavc]ength  spcctromcte.r  bccausc  of the

multiplex advantage of using the cliodc array detector, but sensitivity wm gained at the cxpcnsc

of temporal resolution. “1’hc Scnsitivit y was incrcascd over the I’M’]’ spcctromctcr bccausc  each

scan of the array pmduccd a Jmrtion of the absorption spectrum of C10 or N 03. The

cxpcrimcntal  spectrum was then fit to a rcfcl cncc sJlcctrunl using a Icast-squares routine.

Rcfcrencc spectra were crcatcd by averaging 1000 scans of the dioclc array collcctcd  under

conditions in the reaction cc]] which maximized the production of either C10 or N03. ‘1’hc

rcfcrcncc spectrum was then conlJ3arcd to the known cross section to ca]cu]atc the concentration

of the product SpCCiCS  ill the J’efcrcncc  sJ3cct rum. ‘1’hc cross sections for CIIC) were those of

Sander and l;ricdl,~’ and the NC)3 cross sections were taken from Sander. ‘3 l’hc fitting routine

directly dCtCrJllinCd  the concentration of the sJmcic.s being dctcctccl  from the absorption spectrum

rccordcd  by the diode array,

‘1’cmpora]  information on the formation and (iccay  of the product signals measured with the

diode array spcctromctcr was obtained by succ.cssivc scans of the array. “J’hc array intcrfacc

electronics allowed for the acquisition, co-addition, and storage in dcdicatcd  mcnmry locations of

Llp to 512 separate scans of the array each ti mc the flash lamp fired with each scan accounting for

a S - 16.67 ms portion of the signal waveform dcpcnclcnt on the number of pixc]s  rc:id.  llach of

the S] 2 scans, which consisted of the spectrum of the particular J)roduct spccics  being monitored,

was fit to the appropriate rcferencc spectrum in mdcr to dctcrminc  the procluct conccnfration  at

the t imc following the flash corresponding to that scan,

“1 ‘hc

“1’hc two spcctromctcrs dcscribcd  abcwc

sillglc  wavelength spcctrornctcr  has the

provide complementary cxpcrimcntal  information,

advantage of temporal resolution, The minimum
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sampling period with this instrument is 10 ps which is sufficicnt]y  short to allow the study of the

initial product formation pmccsscs involved in this systcm. 1 lowcvcr,  the sensitivity of the

spcctromctcr is not as high as with other nmthods  of detection, particularly when monitoring

~10. ‘J’hc detcclioJl  limits for the sin.g]c wavclcnglh  spcctmmctcr are 4 x 1011 molcculc  cnl-3 for

{110 and 5 x 1010 molcculc cn)-3 for N03, “1 ‘hc amay spcctromctcr  offers the advantage of higher

sensitivity. ‘1’he multiplex advantage of using u]) to 1024 channc]s  with the capability of signal

averaging for the determination of a single temporal data point provides a tremendous

improvement in the signal-to-noise ratio, ] lowcvcr, it offers rclativc]y  poor tcmpolal  resolution,

rendering this tcchniquc  unsuitable for monitoring the nascent photoproducts.  ]]ctcction ]imits

arc more than an order of magnitude less using the d iodc array spcctromctcr rclat ivc to the single

wavelength spcctmmctcr  with minimum dctcctablc  concentrations of 1 x 10*0 nlo]cc~l]e  CIN-3 for

C:10 and 2.5 x 109 molecule cnl-3 for N03. 3’l]c somewhat lower sensitivity for ~10 is duc to the

diffcrcncc in absorption cross sections for {:10 and N03 (CJC1[J [275.3 ml] = 6.7 x 10-]  8 cn~2

n~olcculc-l  v.~, o~C)3[662 nm] = 2.27 x 10-17 cm2 molecule-l) and to the decrcascd  light iJltcnsity of

the arc lamp which drops by a factor of about two bet wccn 662 mm and 275 nm,

111. RCSUMS

Ilata  were collcctcd  under a variety of cxpcriJncntal  conditions by chaJlging  l}lc iJlitial

chlorine nitrate concentration, the bath gas idcJltity  and density, the photo]ysis  wavc]cngth  range,

aJld the tcmpora]  resolution of the data acquisition. ‘1’hc cxpcrimcntal  conditions for all data

collcctcd  arc summarized in Table 1.

A. N03  and CIO Product YicMs

l’roduct  yields were dctcrmincd  from the ~10 and N03 signal waveforms. I~igurc 3 is a

plot  of a typical N03  signal as function of time after photolysis  in the l’yrcx cell with no

additional filtering. IIata were acquired with the diode array spcctroJnctcr  with a tiJnc resolution

of 16.67 ms. [~10N02]0  was 1.0 x 1014 molecule cn~-3 with N? as the bath gas. ‘1’otal pressure

ranged from 10 - 400 ‘1’orr although only the data for 10, 25, 50, and 100 ‘1’orr arc shown in the

figure. ‘1’wo features of the data arc apparent: the Jnaxinl~Jnl  N03 coJ)ccJltratioJl  dccrcascs and the



time required for the N03 signal to maximim increases with increasing pressure. N03 exhibits

scccmdary  formation in this system due to the reaction

c1 + 03N02 –-—> ~12 + N03 k~~g = 1.0 x 10-’ ‘ C1113 molcculc-’  s-’ (ref. 14)

1 lowcvcr, if it is assumed that the initia] chlorine nitrate concentration is constant and the extent

of photodissociation does not change, then the rate of secondary N03 forJnation will bc

indcpcndcnt  of pressure. ‘1’hcrcforc,  the secondary chemistry of this reaction cannot explain the

incrcasc in the time to reach the N03

below).

To verify that the observed yield

resolution of the OMA spcctromctcr,

maximum observed at higher pressures (SCC discussion

behavior was not a result of the relatively low temporal

data were also collcctcd  using the sing]c wavc]cngth

spectrometer with I’M-I’ dct ccticm. in this case, the temporal resolution of the data was limitccl

only by the 10 ps resolution of the digital oscilloscope. l;igurc  4 shows data acquired with 50 ps

temporal resolution. [~10N02]o  was 2 x 10’d Inolccu]c cn)-3, and the pressure was varied from

10-SO ‘1’orr with N2 as the bath gas. ‘1’hc same rcsu]ts arc observed. ‘1’hc increase in formation

time with increasing pressure is particularly evident on this expanded time scale. “1’hc first

several data points immediately following the flash have been omitted from Figure 4. Although

the duration of the xenon  flash was only 15 ps, the intensity of the flash in the visible region of

the spectrum was so intense relative to the arc lamp that the 1<955 I’M’]’ used for N03 detection

was saturated by the flash. l’hc rccovcry  period for the I’M-l’ was -200 }1s. Accordingly, wc

were not able to monitor processes occurrinp, at reaction times ICSS than this, but there arc no

himolccular processes that can affect the kinetics of N03 on this time scale with the reaction

conditions employed. ‘1’hcsc high temporal resolution data confirm the results of the OMA

spcctromctcr measured on a 5 - 20 m time scale, namely that the dccrcase  in N03 yield and the

incrcasc  in the formation time of the N03 sig,nai  arc a result of the dissociation dynamics of the

(;lONO1,  and arc not caused by secondary chemical processes.

IJigurcs S and 6 show signals rccordcd  for the {~10 product with the diode array

spectrometer and single wavelength spcctrometcr,  respectively. l’hc qualit  y of the signals arc not

as high as those of N03  for the reasons discussed in the cxpcrimcntal  section, particularly for the
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single wavelength data, but the same general features of decreased yield and increased rise time

arc present in the (;10 data. Of particular importance is the ~lo single  wavelength data of F’igure

6. With the monochromator tuned to 275.2 ml, the R 1661J] I PMrl’ does not suffer from the

saturation effects seen in the visible region because light from the flash lamp at this wavelength

is completely absorbed by the walls of the l’yrcx cell. ‘1’bus, the ~10 temporal behavior can be

observed at shorter reaction times, }kamillation of };igurc  6 shows a marked pressure

dependence in the ~10 yield even on the shortest time scales. Additionally, unlike the N03

product, there is no secondary channel for the production of ~lo (see the reaction mechanism

below), so the observed increase in the formation time of ~1(1 with increasing pressure cannot be

due to secondary chemical reactions.

}~igurc 7 shows typical N03  data for photolysis  in the quartz  ccl] collected with a temporal

resolution of 16.67 ms. l;or this particular set of data, the initial chlorine nitrate concentration

was 1.0 x 10’4 molecule cm-~,  and the pressure was varied from 5 - 400 ‘] ’err. I’llcrc is a

pressure dependence exhibited in the N03  yield over this pressure range, but the decrease is only

a fhctor of about two, whereas for similar conditions in the Pyrex ccl], the yield dropped by more

than Iwo orders of magnitude. Also, the temporal behavior of the N03  signals observed under

these conditions when photo] ysis is cxtcndccl  to the shorter wavelengths transmitted by the quartz

cell is different from the Pyrex data in l;igure  3 in that the N03 signal maximum occurs

immediately following the flash and does not display a secondary formation, l~igure 8 shows

N03  data collected with higher temporal resolution (100 ps) using helium as the bath gas. The

observed rise in the N03  signal is due solely to reaction 2 and can bc fit with a single, first-order

rate coefficient. ‘1’his rise occurs on a time scale much shorter than the temporal resolution of the

(Iiodc array detector and is therefore not SCCH in the data of l~igure 7. 1 ]owcvcr,  the rise of the

N03  signal observed for photolysis in the quartz CCI1 is indcpcndcnt  of pressure and, as expected

from reaction 2, the time constant for N03 formation changes only as the initial concentration of

chlorine nitrate changes.

IJigurc 9 displays the results of an additimlal set of measurements taken in the l’yrcx cell in

which the single wavelength spectrometer was tuned to 225 nm in order to monitor the removal

of chlorine nitrate. ‘1’hc initial [C;10N02]  was 1.0 x 1014 molecule cm-s, and data were collected
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at pressures from 3.2 to 15,1 ‘1’orr with N2 as the bath gas. IIccausc  the output of the arc lamp is

quite weak at this wavelength, it was ncccssary  to average 300 flashes in order to achieve an

acceptable signal-to-noise ratio. 3’}lc weak siglals  also limited the pressure ran~e over which

mcaningfi]  data could be collected. 1 lowcvcr,  the trend in the rccorclcd signals for chlorine

nitrate removal is the same as tha! observed for tllc N03 and ~lo product formation, namely, that

the magnitude of chlorine nitrate removal dccrcascs  with increasing pressure. Although the data

arc not of sufficient quality over a range of pressures necessary to produce quantitative results,

the qualitative features of the data confirm the rcsu]ts obtained when monitoring ci~her the ~10

or N03 product formation,

IJigurc 10 shows a comparison of the N03 yield collcctcd  in the Pyrex ccl] with the single

wavelength and diode array spectrometers. ]’rmiuct yield is defined as the maximunl  product

concentration normalized by the initial chlorine nitrate concentration. Single wave] cngth data

were collected from 3,2 - 50.2 “1 ‘err, and diode array data were collected from 3.2 - 400 ‘1 ‘err.

1 )ata were normalized to a value of one for the 10WCSI pressure. 1 )ata from the two detection

schcmcs result in the same pressure dependence indicating that the observed trends in the yield

arc not an artifact of one of the detection mctlmds employed. Figure  11 provides a comparison

of the N03  and ~lo product yields. Again, the pressure dcpcndcnce  of the data arc very sinlilar-

diffcrcnccs in absolute yield arc expected due to unequal branching ratios into each product

channel. in addition, the similarity in the functional form of the pressure dcpcndcnces  of ~lo

and N03 is an indication that secondary photol  ysis of the nascent products or secondary

chcmi stry arc not creating artifacts which may bc mist akcn as a pressure dcpcJ}dcncc.  Because

the duration of the flash lamp is relatively long and N03 absorbs strong] y in the visible region of

the spectrum, it is possible that the nascent N03 ploduct undergo secondary photodissociation 10

form N() + 02 and N02 + 0. h’or ~K) the cross sections at wavelengths longer than the 300 mm

cut-off ofthc Pyrex cell arc very small, so secondaly  photodissociation  will be insignificant.

‘]’hc N03 yield as a function of air dcnsit  y and photolysis  wavelength is shown in l~igurc 12

with the data prcscntcd  in ‘l”ablc 11. “1’bc  four data sets displayed corrcspoJld  to four different

plmtolysis  configurations of the reaction cell, namely, the quartz CC1l,  the l’yrcx ccl], the l’yrcx

ccl] with a chromium potassium sulfate fi Itcr, and the 1’ yrcx ccl 1 with a ccric ammonium nitrate
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filter. ldashlamp spectral distributions for each configuration are shown in Figure 1. ‘1’hc a--axis

of l:igurc  12 covers the range from O to about 100 ‘1’orr total pressure. “1’hc solid lines in the plot

arc empirical fit’s to the data and arc intcndui only as a guide to the eye. In each case, the

product yield dccrcases with increasing pressure, II] the quartz  ccl], the dccrcasc  is about a factor

of two; the data from l)yrex CCII photolysis  decrc.ascs by about 60; the data for the filter solutions

clccrcasc by approximately 200 and 350, rcspectivc]y,  for the chromium and ccric solutions,

l~igurc  12 indicates that as the short wavclcng,th cut-off for photo]ysis  is cxtcndcd  to the red, the

pressure dcpcndcncc  of the product yield bccomcs  more pronouncccl,

‘1’hc inverse N03 yield is displayed in Stern-Vohncr form in IJigurc 13 for a series of

mcasurcmcnts in which the initial chlorine nitrate concentration and bath gas density were

systematically varied. l’hc data arc summarized in “1’able 111. [UON02]0  ranged from 2,5 x 1013

to 1.0 x 101s molecule cnl-3, and the pressure ra~lgcd  from 5 to 400 l’orr. ]nclucied  is onc set of

mcasurcmcnts  acquired at a tcmpcraturc of 220 K. l~or all chlorine nitrate concentrations, the

yield displays a pressure dcpcndcncc.  1 lowcvcr, for [(110N02]0 <1.0 x 10ld molecule cm-s, the

functional form of the pressure dcpcndcncc  is indcpcndcnt  of the initial chlorine nitrate

concentration. For higllcr  [~.10N02]0,  the drolj in the yield with increasing pressure becomes

more cxtrcmc as the amount of chlorine nitrate is incrcascd.  This is indicative of a dissociative

mechanism in which self-quenching of the cxcitecl  electronic state by the parent molcculc is

important.

IL l’rodud  Branching Ratios

“1’hc direct measurement of absolute quantum yields was not possible in this cxpcrimcn~,

but by measuring both the N03  and ~10 producl  yields under identical cxpcrimcntal  conditions,

it was possible to dctcrminc the branching ratios for these two product channc)s, IJor these

calculations, the branching into the ~,lo + N02 channc] was defined as

p ,0 ~ _____ l~wlla.[cm] + 0.s[163] = cl),::’(i),,
Illak mak

where [C;lO],,,~X  and [N03]n,,X  were determined from the maxima of the ~10 and N03 temporal

signals. 1/2[N03]l,,~X  was used because the (;1 -I N03  product channc]  produces two N03
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molecules duc to the fast reaction of ~1 with (~10N02 (reaction 2). It was fhrther assumed that

branching into the atomic oxygen channc]  (reaction 1 c) is negligible relative to the ~10 + N02

and ~1 -1 N03  channels, so that the branching ratio for the ~1 -i N03 channc]  is given by

Branching ratios measured at several values of’ [(UIONOZ],)  and total prmsurc are prmcntcd in

‘l’able IV. Although the absolute product yiclcl for each channel exhibits a pressure dependence,

the dependence is the same for both channels, therefore, the result i J)g branching ratios arc

pressure-independent, IIranching ratios for photolysis  in the Pyrex ccl] are ~1, = 0.445 0.07 and

[)lb = 0.56 i ().07 where the error bounds are rcportccl  as 20. When photolysis  is extended to

shorter wavelengths transmitted by the quart~,  cell, the branching ratios arc fll, = 0.61 5 0.06 and

[$~ =- 0.39 i 0.06.

IV. l)iscussion

A. l’rcssurc l)cpendcnt  Product Yields and Formation Rates

l)llotodcco~~lnositioll  Mechanism

‘1’hc pressure dcpendcnces of the product yields for N03 and ~lC)  formation and ~lONO1

disappearance for photo] ysis in the Pyrex cell cannot  be explained by secondary reactions of the

primary products, ~’o establish this wc have examined the sensitivity of known secondary

processes to changes in the (20NOZ concentration and buffer gas pressure. ‘I”hc reaction

mechanism and rate coefficients for secondary react ions in this system arc given in ‘1 ‘able V.

IIccause the branching ratio into reaction 1 c is small, the reactions involving atomic oxygen have

been neglected in the usc of this mechanism fbr the analysis of the experimental results. ‘1’hc

uncertainties in the rate coefficients arc greatest for the reactions involving N03  witl~  {:10 and CU

(reactions 5 and 6); however, these ,rcaction’lvill  not have a pressure dependent effect on the

product yield--they cm] y affect the rate of product rclJloval.

‘1’hc simulations produced results in reasonable agreement with the quart~.  ccl] data--the

diffcrcnccs stem from uncertainties in the rate coefficients for reactions involving N03 with ~1

and (~10,  the reactions of CY ONO, and some of the recombination reactions. Simulations



invoking only secondary chemistry, however, fail to replicate the essentials feature of the data

collected for longer  wavclenglb  photolysis,  namely, the decrease in product yield and the

increase in the formation time with increasing pressure. Simulations of this mechanism over a

range of pressures corresponding to the experimental data indicate that the rate of product

formation becomes larger at higher pressure with no substantial decrease in the ~lo product

yield and there is also a small pressure dcpcJdcncc in the N03 product yield due to removal by

the tcrmolccular combination with N02 (rcactioJl 8). ‘1’his is the iJ~tuitivcly  expected result for a

mcchanisJn  involving tcrmolccular processes. ‘1’hc measured N03 time dcpcndcncc  following

Pyrex ccl] photolysis has the opposite behavior, however; the formation time increases and the

yield decreases with increasing pressure.

‘1’o explain the pressure dependence of the product yield data, it is necessary to invoke a

Stern-VolJncr-type mechanism in which a mctastablc  electronic state is formed following the

initial excitation. ‘1’his state may dissociate to fc~rnl products or undergo collisional  quenching to

the grouJld electronic state:

(Y0N02 J’> CWlN02+ .lCx excitation

~10N02+  ––+ products ‘dis, dissociation

.—“--+ C10N02 k~ quenching

‘1’his simple mechanism adequately describes the pressure depcndcncc  of the product yield, but

incorrectly predicts that the rate of product formation becomes f’mter with increasing bath gas

density. ‘1’his mechanism coupled  with the reaction mechanism in “l’able V can, however, be used

to interpret the data collected for photolysis  in the quartz  cell in which product formation always

occurred promptly following the photo] ysis pulse. ‘1’hc dashed lines in IJigurc 7 arc the rcsultiJlg

fit of this mechanism to the experimental data. ‘1’hc simulated data were produced by

simultaneously fltling  the measured signals at pressures of 5, 100, an(i 400 “1’orr to this Stcrn-

Volmcr type mechanism using a least-squales routine (I JA(SIMI  I /11). Six parameters were

varied in the fitting process includiJlg [~10N02]1,  k~i$,, ami k~. ‘J’hrcc  rate cocfiicicnts--k5,  k~,

and kx--wcrc also varied in the fitting process in order to allow enough flexibility in the lcast-

sc]uarcs  routine to locate the deepest local minimum on the ~? hypcrsurface.  “l’he final values for
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these three rate coefficients were within  the cxpcrimcntal  uncertainty of the accepted values. ‘1’hc

rate constants for dissociation and qucnchin:,  resulting from the fitting routine were k~ = 1,9 x

107 s-] and k~ = 2.6 x 10-]2 cn13 nlOlCCLIlC-] S-l. Whether these values rcprcscnt  a true minimum

on the fitting surface is uncertain--varying the initial guesses for each value by a factor of

approximately five produced similar numerical results, but wc did not perform an exhaustive

search of the parameter space of initial values to verify that this was indeed the surface

minimum.

It was necessary to modify the above mechanism to inc]udc  a second long-lived

intermediate state (~10N02$) to more closely approximate the N03 yield and temporal behavior

for plmtolysis in the Pyrex ccl], i.e.,

(;10N02 --- ‘~--> OONOji .lCx excitation

00N021 —+ products ki~i,, dissociation

CK)N02+ —h~ CION02$  Ii’q qucJlching  to intcrmcdiatc

C10N02

1 —---+  products ‘tcliss dissociation of intcrmcdiatc

~10N021 ~+ ~lONO~ ~tq quenching of intcrmcdiatc

IJigurc 14 shows simulations of the N03 temporal signals of Iiigurc 3 using, the modified

mechanism which also includes the secondary rcacticms given in ‘1’able V. “l’he simulations

qualitativc]y  dcscribc  the essential features of the data, namely, a dccrcasc  in yield and an

incrcasc in product formation time with increasing bath gas density. It was not possible,

however, to obtain a robust  fit to observed N03 temporal profiles over the entire pressure range.

(h]c rcascm for this may be the complcxit  y introduced by using  a broadband flash lamp as a

photo]ysis  source. lJndcr our cxpcrimcntal  conditions, the iliitial  absorption step prepares a large

ensemble of cxcitcd  states possibly in different electronic ICVCIS. ‘1 ‘lIC interactions bctwccn these

states is not well understood, and it is thcrcforc  difficult to quantify the effects. in addition, the

modified mechanism may not bc a complete description of the dynamics of chlorine nitrate

photo]ysis  under our experimental conditions. In mcasurcmcnts performed using  a ferric

chloride solution in the filter jacket, the short wavelength cut-off was cxtcndcd  to approximately
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400 ml limiting the excitation to only the very wcakcsl  traJlsiticms  iJl Ihc absorption spcctruJn,

‘]’hc N(J3 prmhJct  exhibited two distinct maxima separated in liJJlc by about 1.0 sec. ‘1’his may bc

an indication of multiple intcrmcdiatcs  involved in the dissociation.

Recent ah initio calculations by Grafia et d. 10 dctcrmincd  the vertical excitation energies

for traJlsiticms from the chlorine nitrate ground state to excited electronic states in the singlet and

triplet manifolds. “1’hcy also determined oscillator strengths for the siJlglet-+siJ~glct transitions

and used these results to interpret the chlorine nitrate uv-visible absorption spectrum. ‘1’hcy

assi gJwd the large feature ccJltered at ~ 9(I nJm to the 11 ~‘ ->41 A‘ transition (7t-->7[* excitation)

and the peak at 215 nJN to the 11 A’ - >31 zt” transitioJl (n-->n* excitation). ‘1’hc weak absorption

band at 370 ml was not assigned bccausc  it lies approxiJnately  1 CV below the lowest  calculated

excited singlet state. ‘1’hc temperature dcpcJdcncc of the absorption spectrum measured by

IIurkholdcr el al. ‘b suggests that this low encrp,y baJ~d derives froJ~l  a traJlsition  from the ground

electronic state. l’hc bands at 215 nJn and 370 nJn were the on] y absorption features that were

not reduced in relative intcJ~sity  with decreasing tcmpcraturc. It is likely that the 370 nm band

arises from a spiJl  forbidden transitioJl from the grounci stak to the lowest lyi~lg  triplet state. ‘1’hc

position of this baJ~d  corresponds very well with the vertical excitation eJmgy calculated by

Grafia cl al. for this process, and the small cross section indicates that the transition is forbidden.

With the information provided by the ah inilio results of Graiia c1 d., the electronic states

involved in the mechanism for the broadbaJd pllotolysis  of chlorine nitrate caJl bc tentatively

assigned. An energy diagram of the cxcitcd  chlorine nitrate states is shown in l(igure 15.

I’hotolysis  in the unfiltered quartz ccl] is dominated by excitation to the 31A” state which

rapidly  dissociates to products. Photolysis  iJl the unfiltered  I)yrcx CC1l with a short wavelength

cut-off at 300 ml restricts the number of excited sta~cs  Ihat are energetically accessible. “1’hc

unccrtaiJM y in the calculated vertical cxcitat ion cncrgics  is -0.2 cV, “llle  1‘ A” state is accessible

in our experiments if the calculated energy of this state is over-estimated by 0.23 eV which is

consistent with the stated uncertainties of the computational results. ‘1’hc only other states

cJ~crgctically accessible are iJ~ the triplet manifold with the 13A” state clearly within the energy

range of the photolyzing light, and the 13 A‘ state perhaps accessible if the calculated energy is

high by 0.17 eV. As stated above, in order to clualitativc]  y simulate the data, it was necessary to
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invoke the participation of two excitccl  electronic states. “1’hcrcfcm,  wc believe thal the initial

excitation is dominated by the transition to the 11 A” state with possibly some population going

iJlto t h e  Irip]et JnaJlifo]d.  ‘1’hc 1 ] ~” state mdcrgocs  competition bctwccn  dissociation to

products aJld iJltcrsystenl  crossiJlg to the triplet  J“[laJlifO]d.  ]:rom their calculations aJld by aJlalogy

to nitric acid, Graiia  c1 al. dctcrnliJlcd  that the IOWCS1 lyiJ~g  triplet state is Jnctastab]e  in that the

1 3A” state represents a local nliJliJnunl  on the potmtial  cJlcrgy surface. Because the 1 3A” state

is metastablc, it is cxpcctcd  to have a ]oJlg, Iifctimc relative to dissociatioJl  to products or

col]isional  qucnchiJlg  to the ground electronic state. Population of this state is likely to occur by)

through a rapid spin-orbit radiationless traJ~sition which is kJ]own to be rapid in systems

involving heavy atoms such as chloriJlc. ‘J’his  is consistent with our observation that photolysis of

chlorine nitrate at loJlger wavelengths procccd via a mechanism that iJ~volvcs  a long-lived

intermediate state,

Mctastable lntcmcdiatc  llctcction————-—..—.—.

Wc have shown recently that the broadband photolysis  of dichloride monoxide (~120) at

wavelengths beyond the Pyrex cutoff (300 nJn) results in pressure-dcpcndcnt ~10 quantum

yields. 17 ‘1’he similarities between ~10N02  and ~110 arc striking in that both molcculcs  exhibit a

dccrcasc iJl the product yield and a dccrcase  iJl tllc rate of product formation for aJl increase iJl the

total pressure. “1’hc analysis for (;120 is simpler bccausc  of the lCSS  complicated secondary

chemistry of the products (~10 and cl). in our C1120 study, a transicJlt absorption spectrum was

dctcctcd  following ~lzO pboto]ysis  in the Pyrex ccl].  Vibrational progressions were identified in

this spectrum which were consistent with the traJ~sicnt spccics  bciJlg (;120. Ab inilio  calculations

of baJld oscillator strengths in the siJlglct  and triplet manifolds suggested that the observed

spectrum could bc assigned to a very inteJ~sc  23A2 <–- 13111  traJlsitioJ1.  ‘l’his implied that a

radiationless transition to the triplet  nlaJlifoki in C120 is rapid, aJld that the resulting triplet states

arc sufficiently long-lived to undergo collisional  relaxation, causiJlg the observed pressure-

dcpcndent  quaJlluJn  yields.

l:or the chloriJlc  nitrate photo]ysis  cxpcriJ~~cnts,  wc attempted to identify spectroscopic

evidence for the existence of mctastablc states, but for a number of reasons wc were unable to

observe any transient absorption spectra in the 250-600 JIJn  spectral raJ~gc.  l’or cxaJnple, the
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oscillator strengths forcxcitatior~s  frol~~ the intcrnmliatc  state tohighcrcncrgy  triplet states may

bcvery small, l~ltlle  case of~lzC),  tllctrallsiti(J1l fro~l)thc  lo\\'cst cllcrgy  triplet  state, 13}31, tothc

23A2 state has a calculated oscillator strength  greater than 0.1. lJnfortunatcly, the ab initio

techniques employed by Graila  et al. did not allow fbr the computation of oscillator strengths in

the triplet manifold. Another rcascm for the lack of cxpcrimcntal  evidence of the intermediate

stale is that its lifetime may bc short relative to the 170 ms temporal resolution of the dctectim

schcmc  used to search for the mctastablc  absorption spectrum. }Jinal  1 y, spectral interferences

from ~lONOz, ~10 or N03 may have complicated the search.

B. l’ossiblc ICxpcrin]cntal Artifacts

‘1’he possibility that the observed pressure depcndcncc  of the photolysis  procluct yield v’as

caused by experimental artifacts was thorou@ly invmtigatcd. “l’he first, and perhaps most

obvious, artifact would bc wall processes in which dissociation occurs at the ccl] walls, and the

temporal dependence of the signals is dctcrJnined  by diffusion back into the viewing region, As

the pressure in the cell increases, the time required to diffuse to the walls and back into the

viewing region of the arc lamp would incrcasc,  thus explaining the incrcascd  formation time of

the product sip,na]s. 1 lowevcr, if reactions at the cell walls were rmponsib]c for the formation of

product, similar behavior should bc observed incicpcndcnt  of the ccl] material (quartz VS. Pyrex)

and of the salt solution in the filter jacket (nc) filtering vs. ccric ammonium nitrate vs. chromium

potassium su]fitc  filters). liach of these experimental configurations displayed rnarkcd

diffcrcnccs in the observed signals, thus arguing against wall processes, Additionally,

measurements were made in the Pyrex cell under identical conditions of chlorine nitrate

concentration and bath gas pressure using a number of different bath gases. l~or the cases in

which either N2 or 02 were used, the diffusion rate thro@ the cell is approximatcl  y equal due to

the similarities in molecular weight and size, so the loss from wall effects would bc expected to

by similar. 1 lowever, a comparison of the signals shows that the product formation time

approximately doubles when changing the bath gas from 02 to N2. “l’his  is additional evidence

against a diffusion controlled process such as wall reactions.

Amthcr possible artifact would be dark dissociative proccsscs,  i.e., the high voltage

discharge of the flash lamp creates a plasma not only in the xenon jacket, but also within the
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rcacticm ccl] itself  which results in the dissociation of chlorine nitrate from a mechanism not

associated with the absorption of light. Such a plasJna would bc highly dependent cm the total

pressure in the ccl] and might  produce the observed effect in the product yields. Again, the

difference between the ccl] configurations argues against such a mechanism in that seemingly

small changes in ccl] pmpcrties (quartz.  to Pyrex) which have no effect cm the xenon discharge

result in dramatic changes in the product behavior, ‘1 ‘o pmvidc further evidence ap,ainst  such an

artifact, a set of mcasurcmcnts were carriccl out in which, first, the N03 product yield was

determined at a number of pressures iJl the quarty ccl] with no other fi]tcring of the photolysis

wavelengths. “1’hcn a tube of thin l’yrcx glass of’ the same ]cngth as the inner reaction cell was

inserted into the quart~,  ccl 1, and the mcasurcmcnts  were repeated. “j’he quartz,  CCII data displayed

the same small pressure depcndcncc  seen in l:ip,urc 12, but by inserting the Pyrex t~lbc, the yield

dccrcascs with pressure as observccl in the Pyrex cell. “1’bus, the quartz  ccl] can bc “convcrtcd”

into the l)yrcx cell without chat~ging  the physical pmpcrtics of the discharge.

Another possible explanation for the observed pressure dcpcndcnt yields is the existence of

a very cfficicnt chain mechanism which catalyzes the decomposition of CUIC)NOZ and is initiated

by the photo]ysis flash and qucnchcd  with increasing, pressure, Such a catalytic mechanism is

unlikely as atomic chlorine is the only known chain carrier which reacts rapidly with ~lONO~,

and this reaction terminates the chain..

C Comparison with Previous Work

]Iranching Ratios

A number of studies have examined the photolysis  of chlorine nitratcl-g with several being

of particular rclcvancc to the current work. Margitan  measured the product channel branching

ratios following photolysis at 266 r-m and 354 nm using an atomic fluorescence technique to

detect the atomic chlorine product and chemical conversion to detect ~lo by reaction with NO to

form ~1.~  }Ic reported quantum yields of Cl)lb  = 0.90 f 0.10 and d)lc = 0.10 ~ 0.10 and saw no

cvidencc  for the ~10 product. Marinclli  and Johnston dctectcd the N03  product at 662 nm using

absorption spectroscopy following 248 m] photo] ysis. S ‘]’hcy reported a quantum yield of 0.55

(-l 0.3/-(). 1) for channel 1 b. Minton et al. used a mo]ccular  beam apparatus to measure the cl,

~lo, and N02 products by time- and angle- resolved mass spcctrometry  following photo]ysis  at
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193 ml and 248 nnl,~ ‘1’hcy rqm-tccl quantum yields  of 0] ~ = 0.36 fl. 0.08 and CDlt, = 0.6450.08

for 193 nm photolysis  and d)] ~ = 0.46 d 0.08 and CDlb =- 0.54 :!. 0.08 for 248 nm photo] ysis, “1’hey

found no evidence for channel 1 c and placed an upper limit on the branching into this channel of

0.04. ‘1’hcsc results have reccJltly been cxtcncicd  to 308 ml by Moore c1 al, 19 who obtained @l ~

= 0.33 ~ 0.06 and d)jb = 0.67 ~ 0.06.. “1’hc  quantum yields of Marinclli  and .lohnstcm,  Minton et

al,, and our results presented in ‘1’able IV arc ill reasonable agreement, ‘1’hc results reported by

Margitan  lie well outsidcthc  crrorbounds  ofthcsethrce  studies, but a careful examination of

Margitan’s work fails to reveal a clear reason for the discrepancy. Recent unpublished results by

llurkho]dcr  and co-workcrs20  at wavelengths between 193 ml) and 351 rim,” and Orlando and co-

workers21 at 248 ml and 308 nm confirm that there is a substantial yield of ~lo for ~10N02

photolysis over the range 193-308 nm,

“l’he small difference in branching ratios between our mcasurcmcnts performed in the quartz

ccl] and the quantum yield results of Mintcm el al. for 193 nm photolysis  may stem from the

clcctmnic states excited in the initial absorption step. l’hotolysis  at 193 nm is dominated by a n+

n* transition (1 1 A’ --> 41 A‘ ) localized on the N02 moiety whereas quartz cell photolysis is

dominated by a n~n*  transition (1] A‘ - > 31 A”)  also localized on the N02 moiety. 10 The

intramolecular couplinss  will be different for each case with the n-->rt * transit ion favoring

dissociation of the weaker 0-N bond (M 1°0 = 109 M mol-l ), and the n-m* transition favoring

dissociation of the ~1-() bond (Al loo = 167 k.1 mol-1).

IIuffer Gas Quenching

“1’he lifetimes of intermediate slates and the dcpcndcnccs  of product yields on buffer gas

pressure in ~10N02  photo]  ysis have not been systematically studied until rcccntl y. “1’hc

molecular beam photodissociation experiments of okumura,  Minton and co-workers provide

information concerning the lifetimes of possible intcrmcdiatc  states. 8’19 in these experiments,

angular distributions were mcasurecl by electron-impact mass spectroscopy in the recoil of

C110N02 photodissociation products at 193, ?48 and 308 ml. At all three wavelengths, the

observed products were scattered anisotropically  indicating that the lifetimes of the dissociating

states were less than a rotational period. Recent work by IJurkho]dcr d al.20  found no pressure

dcpcndcnccs for photolysis at 93, 248, 308 or 351 mm although at the latter wavc]cngth,  the
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extremely small chlorine nitrate absorption c~oss sections and impurities were significant

complications, 308 ml is very near the cutoff of the Pyrex flash photolysis  ccl] used in these

cxpcrimcnts.  ‘J’hc results of ~kumura  et (il. and Burkholdcr  et f~l. at this wavc]ength  which imply

prompt dissociation arc thcrcforc not incompatible with our results obtained usir~g the Pyrex cell.

Our results appear to bc inconsistent with the 351 nm results of IIurkho]dcr  et al., however. I’hc

main difference in experimental tcchniquc  is the usc of a broadband photolysis source in our

cxpcrimcnts. Whether the excitation of an ensemble of states using broadband photolysis plays a

significant role in the dissociation dynamics is uncertain, but may bc onc source for the

differences in observed product yields.

A modified Stern-Voln~cr  mechanism provides a rcasonab]e  explanation for the effect of

the initial chlorine nitrate concentration on the pressure dcpcndcnce  of the quantum yield as

shown in l;igurc  13, ‘1’hc quenching efficiency for cxcitcd electronic states will bc much greater

for chlorine nitrate than for the buffer gas bccausc  of the exact overlap of energy levels  and the

incrcascd number of vibrational modes in ~10N02  . At low [~10N02],  the collisional  frequency

between cxcitccl  and ground state chlorine nitlate  is so small that the enhanced c]ucnching

efficiency has no observable effect relative to quenching by the bath gas, whereas at higher

[~10N02],  the collisional  frequency incrcascs  and self quenching bccomcs  significant as

illustrated in Figure 13.

IIurrows et al. observed dcpcndcnccs  of the quantum yields for N03 formation and

~lONOz removal on the [~10N02]o  in the steady-state photolysis  of ~lONOl  at 254 nm. 3’o

cxp]ain  these results, they invoked a mechanism involving a mctastablc  ch]orinc  nitrate

intcrmcdiatc which could undergo either dissociation to products or cfficicnt  self-quenching back

to the ground state, While the mechanism we have proposed to explain the observed product

yic]ds from photodissociation is similar to that {~f l)urrows et al., our mechanism is applicable

only at wavelengths longer  than 300 nm. ‘1’hc IIurrows et al. results imply a lifetime for the

cxcitecl  state that is longer than about 10-4 s bccausc  their observed quantum yields dccreasc fbr

[~10N02]  >- 1014 molcculc cnl-3. ~’his is inconsistent with the results of Okunmra et al. g which
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give an excited state lifetime ICSS than 10-’] s at for 248 nm photoexcitation.  Ilurrows C( al. did

not examine the effects of buffer gas quenching in their studies.

]’rcssurc dependent photolysis quantum yields  have been observed in a number of gas

phase studies involving other molecules. };arly work by Ayscough  and Steacie cm the photo]ysis

of hcxafluoroacetone at 313 nm revealed a dcpendcncc  of both the ~0 and ~zl~b  quantum yields

oJ~ the hcxafluoroacctonc pressure.22 “l’heir data were well explained with a classic Stern-Voln~cr

mechanism with a decomposition to deactivation ratio of 1:60, in the steady state plmtolysis  of

thiophosgcnc (SCXY2), Okabe also reported plcssure effects in the chlorine atom quantum

yield.1~ l;or pholol  ysis at wavelengths of 253,7 mm and shorter, the c}~lorinc  atom exhibited

unity quantum yield, but when photolysis  occurred at 366.0 nm or 435,8 mm, the quantum yield

had a pressure dcpendcncc  which could be well fit with a simple Stern-Volnler mechanism,

Additionally, the magnitude of the effect varied from 366.0 nm to 435.8 ml with the pressure

dcpcndcncc  most pronounced at the lcmgcr  wavclcnp,th.

1). Atmospheric implications

‘1’hc implications of these results  fOr the llartitionin~  of illOrgalliC  chlorine, ill the 10WCr

stratosphere arc potentially signillcant. “1’he product of solar flux and ~10N02  cross section

maxi miz.cs at about 330 ml in the lower st ratosphcrc.  l{cduction  of the photodissociat ion

quantum yields clue to collision effects would be cspcciall  y imporlant  for excitation in the 290-

450 spectral region  and would result in an undcrprcdiction  of the ratio [~lONoz]/[l  1~1] by

atmospheric models. ‘1’his will cause the models to overestimate the rate of ozone catalytic

destruction by the chain nlcchanisJn  which invo]vcs  CUIONOz  photolysis.24

Atmmphcric  models estimate .l-values in each altitude bin by performing a wavelength

intqgrat  ion on the product of absorption cross section, dissociation quantum yield and solar flux,

IIL]c to the broadband nature of the photolysis  pulse from the flash lamp, it is not possible to

retrieve wavelength dcpcmdent quantum yields from this cxpcrimcnt  for usc in model

calculations. Sonic qualitative observations can bc made, however. ‘J’hc wavelength distribution

of the photo] ysis radiation from the Pyrex cell mimics the solar spectral distribution because both

spectra] distributions cut off at about 300 nm. As shown in }~ig, 10, a direct application of the



results of the Pyrex cell experiments would therefore imply a reduction in ,J(.,oho” of about a>

factor often relative to the low-pressure limiting case at an altitude of 20 km. ‘l’his is very like] y

to bc an ovcrcstimatc of the effect in the atmmphmc, however because the solar spectrum

extends to somewhat shorter wavelengths and the solar flux increases nmrc rapidly with

wavelength than the l)yrcx flash lamp spectrum. “1’hcsc factors increase the weighting of solar

plmtolysis  to shorter wavelengths than our cxpcrimcnt  which will reduce the sensitivity of the

photo]ysis rate toward molecular collisions. A more precise determination will require the

measurement of the pressure dcpcndcnce  of the quantum yield at several discrctc  wavelengths

throughout the 290-450 nm spectral region.

Since present stratospheric nmdcls  do not consider the effect of pressure cm the ~10N02  .1-

valucs,  wc would  expect that these models would tend to ovcrprcdict  11{;1 and undcrprcdict

C: ION02 mixing ratios in the lower stratosphere, ‘1’here arc relatively few simultaneous direct

measurements of the partitioning of inorganic chlorine in the lower stratosphere with which to

validate the models. ‘1’hc most rigorous test of photochernical  models  comes from instruments on

balloons, satellites and aircraft which clircctly  measure vcrlical profiles of CIONOZ, } 1(;1 and

other spccics  such as 03 which have a strong influcncc  m chlorine partitioning. One such data

set is provided by the Mark IV balloon solar intcrfcromcter  of ‘loon and co-workers. ‘J’his

instrument records infrared atmospheric spectra at sunset and sunrise during flights from a float

a]titudc  of 40 km. near 14. Sunmcr,  NM.2S. ‘1 ‘hcsc spectra arc invcrtccl  to provide vertical

concentration profiles of UON02, 11~1 and many other spccics from the tropopausc  (12 km.) to

40 km. .lacgl~  ct al. have compared measurements from balloon flights from 1990-1993 with

results from the ~altcch-.lPL  one-dimensional atmospheric model using kinetic and

photochcmical  parameters recommended by 1 )cMorc  et al.”. in particular, they found that their

model undcrprcdictcd the [CYON02]/[1 10] mcasurcmcnts  of ‘1’oon c1 al. below 20 km. At these

altitudes, where the co]lisional  quenching of (~10N02 mctastablc  states would bc expected to

play a role, it was found that the agreement would bc improved if values of .JC.,{)AC),  WCIC reduced

from their nominal values by a factor varying from 1 to 10 as the altitude decrcascd  from 20 to

12 km. 1 lata sets from other atnmphcric  instruments are consistent with this conclusion.

Rcccnt]y,  l)csslcr  CI a/. have shown that standard chemistry undcrprcclicts  [~loN02]/[1  1~1]
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compared with global  data at 20 km. from the Ilppcr Atmosphere Research Satcllite2(’. Also,

midlatitudc in situ mcasurcmcnts of [11(;1] from the 1 R-2 aircraft between 15 and 20 km. by

Webster et 01.2T arc significantly smaller than model  predictions however there arc no

simultaneous measurements of [~10N02] with which to define the

chlorine.

“1’here arc other atmospheric measurements which do not support

partitioning of inorganic

a pressure clcpenclencc  in

J(.,,,N(,2 . Michelson et al. find reasonably good agrccmcnt  between their 1 -d model and A“l’MOS

measurements of[~lC)N02]/[11~1] in the lower stratosphm using pressure-independent U0N02

quantum yields.28 Also, in situ measurements of [(;10] between 15 and 20 km. from the 1{1<-2

aircraft29 and from balloons30 tend to bc larger than predicted by standard moclels whmas  a

dccrcasc in Jc.lcjh,(), that would bc consi stcnt wit]] the measurements of’1 ‘eon et al. would result in

a slight  reduction in [~10]. There arc also a number of other possible explanations for deviations

bctwccn  the observed inorganic chlorine ~)artitioning and model predictions including

hctcrogcncous reactions on volcanic aerosols, missing reservoir(s) of inorganic chlorine and

measurement errors. Remote sensors are currently the only instruments capable of direct

(H0N02  Jncasuremcnts,  Because most of the 11(;1 and (;10N02 column density lies above 20 km,

retrievals below this altitude arc subject  to large uncertainties,

V. Summary

‘1’hc broadband photolysis  of chlorine nitrate has been studied in both the strongly allowed

and weak tail regions of the absorption spectrum. ~ ‘iJ]lc-resolved long-path absorption

spectroscopy has shown that both the ~1 -i N(J3 and ~lo -I N02 product channels are active.

“1’here is strong evidence for dcpcndcJlces  of the quantum yields for product forJnation and

~lONOL disappearance on the ~10N02  aJld buffer gas densities. ‘Ihc functional form of the

product yield vs. bath gas dcJlsity is strongly dcpcndcnt  on the spectral distribution of the flash

lamp. As the pholo]yziJlg  light is limited to wavelengths longer thaJl  300 ml, the product yield

dccrcascs more rapidly  with increasing bath gas density. ‘1’hcsc results imply that, followiJlg

excitation beyond - 320 ml, (llONOz unclcrgocs a radiationless transition tc) a long-lived

mctastablc electronic state induced by strong spin-orbit coupli  Jig. (~omparison  with ah initio
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results suggest that the metastablc  species is the lowest energy triplet state, 13 A”. “Ilmc

obscrvaticm  are consistent with a mcchani m wc have proposed recent 1 y for the

photodissociaticm  of CY~O. in the latter study, broadband photo]ysis  beyond 300 mn gives rise to

a mctastablc triplet state which is observable by UV absorption spectroscopy.

‘1’hc branching ratios into the (~10 + NClj ald ~1 + N03 channels have been measured unclcr

two different cxpcrimcntal  spectral regions. 11’oI photolysis  in the unfiltered Pyrex ccl] (L> 300

rim), the results arc ~clc)  = ().44 ?. 0,07 and ($,J(J3 ‘ 0.56 i 0.07.  ‘1’hcse results arc in cxcc]]ent

agrccmcnt with two other studies of the chlorine nitrate branching ratios. ~’s IJor photolysis in the

unfiltered quartz,  cell (k >200  rim), the branchini~  ratios arc ~(lo’ 0.61 3 0.06 and ~~[)3 = 0.31 f

0.06.

‘1’hc observed quantum yield pressure dcj~cndcJlcc  bcycmd  300 nm has implications for the

partitioning of inorganic chlorine in the stratosphere bctwccn  the tropopause  and 20 km.

Although there arc major uncertainties in both models and atmospheric field measurements,

comparisons between predicted and obscrvcc]  collccntratiom of 11~1 and d10N02  in this altitude

region seem to be improved if the models cmplo ycd pressure-dcpcndcnt ~10N02  quantum

yields. l~urthcr laboratory mcasurcmcnts and future i)? silu observations of ~10N02,  11~1 and

~10 will help to better quantify the role of pressure dcpcndcnce  in the photolysis of (:10N02 aJld

possibly other species.
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Table I. Summary of experimental conditions,

Spccics
detected

r

N03

N03

(:10

N03

N 03

~10N02

(:10

C]()

N03

N03

N03

N03

N03

N03
N03

CION02

(: ION02

(: ION02

N03

N03

N03

N03

N03

N03

~K)N02]
(molecule cnl-~)

1.2- 3.2

0.5 -3.3

1.6- 8.1

1.3 -8.0

1.3 -6.5

1.8 -8.0

3.2

0.51 -1.0

2.0

0.25-10

2.0- 4.0

0.25-10

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.75 -1.0

2.0

0.50 -2.5

0.75 -4.0

0.75 -2.0

1.0 -5.0

l)ath Gas

IIc

lIC

lIC

lIC

1 IC

IIc

IIc

N2

N2

N2

N2

N2
N2

N2

N2

N2

N2

N2
N2

02

0.2

air

air

air

air

_.. _
Pressure
(’1’o]r)
——
3.9-75

3.9-600

10-75

5.4-75

5.4-75

10-75

10-75

5,0-50

13-25

3.0-400

6.4-50

S.o -400

S.o -400

5.0- 100

3.2-25

3.2-50

3.2-20

3.2- 100

3.1-25

5.0-200

10-50

3.0-250

2.4-400

3.2-100

3.2- 100

l)ctcetiona
Scheme

~

OMA

I’M’)

PM’J’

I’M’]’

I’M’]’

PM’1’

OMA

PM’]’

OMA
])M’j’

OMA

OMA

OMA

OMA

OMA

I’M’]’

I’M’]’

J)M’I’

OMA

Ph4’1’

OMA

OMA

0h4A

OMA

a) OMA = optical nmlti-channc]  diode array spectrometer; PM’]’ =
wavelength spectrometer,

b) l~iltcr solution made of 500 g I -1 NiS04061120  in water.

ccl]

— .
Pyrex

l’yrcx

l’yrcx

quartz

quartz,

quarl~/NiS04b

quartz

Pyrex

Pyrex

l’yrcx

Pyrex

quartz

Pyrex/Ni,G~

P yrcx/KMn04~~

quartzA:c~l~e
Pyrex/ccricf

l’yrcx

quart~,

quartz~l;c(;l~~

Pyrex -

l’yrcx

Pyrex

quartz,

Pyrex/ccricf

Pyrcxl

Number
of runs

19

42

51

23

40

11

4

15

4

110

18

71

8
5

9

7

6

11

11

17

4

43

49

21

19
CrK(S04)2X
photomu]tip]icr  tube sing]c

c) l;iltcr solution made of 500 g 1,-] NiS04061 120 and 300 g 1,-1 ~oS0407}120  in water,
cl) l:iltcr solution made of 0.25 g 1,-] KMI1O4 in water.
c) l:iltcr solution made of 1.0 g 1,-1 }~c~.1~ in water.
i) l:iltcr solution made of 5.0 g 1.-1 (N114)2C:c@’03)6 in water.
g) l~iltcr solution made of 50 g 1.-1 0K(S04)2cl  21120 in water.
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Table 11. N03  yields for quartz cell, l’yrcx ccl], Pyrex cell  with chromium potzissium sulfate
filter, and Pyrex cell with eerie ammonium nitrate filter. (lllorinc  nitrate concentration for all
data presented was 1.0 x 101 d molcculc  cm-~.

EC]] configuration

quartz

}’yrcx

Air density “–
(101 8 nlolcculc  cnl-~)

0.000
0,000
0.057
0.084
0,224
0.242
0.389
0.409
0.713
0.737
1.515
1.549
3.138
3.161

0.000
0.021
0.046
0.062
0.086
0.115
0.224
0.253
0.273
0.386
0.412
0,435
0.707
0.734
0.762
1,522
1.543
1.575
3.143
3.164
3,241
6.387

..—
Imlmax
(1 012 Illolcculc  Cn,-q

4.699
6.050
5.680
3.842
4.384
2$98(3

3.867
2.584
3.559
2.441
3.518
2.411
3.164
2.176

1.047
0.817
0.598
1.092
1,00”J
0.651
0.567
0.480
0.385
0.272
0.165
00] 90

0.109
0.0808
0.0822
0.0425
0.0429
0.0227
0.0253
0.0207
0.0184
0.0232 —.—

————
standard deviation
(1 012 molecule cnl”~)
——
0.0073
0.0040
0.0037
0.0118
0.0046
0.0079
0.0038
0.0095
0.0051
0.0096
0.0063
0.0087
9,0083
2.0103

0.0050
0.0053
0.0134
0.0061
0.0070
0.0069
0.0067
0.0048
0.0089
0.0056
0.0065
0.0069
0.0061
0.0058
0.0083
0.0053
0.0074
0,0055
0.0033
0.0077
0.0058
0.0043
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Table  11. (con’1.)
Ccl] configuration

l’yrcxl
GK(S04)2c121120

]’yrexl
(N114)2G(N03)6
filter

Air density
(1 o] 8 molecule clll-~)

0,039
0.057
0.063
0.089
0.119
0.139
0.166
0.222
0.223
0.248
0.283
0.386
0,386
0.412
0.605
0.706
0.713
0.734
1.419
3.039
3.139

0.000
0.056
0.072
0.090
0.142
0.173
0.224
0.236
0.340
0.383
0.564
0.653
0.715
1.361
1.471
1.517
2.992
3.081
3.148

———
[N031max
(1 012 molcculc  cm-~)

2.810
0.312
0.374
0.404
0.170
0.0981
0.135
0.0883
0.0541
0.0493
0.0340
0.0485
0.0220
0.0191
0.0276
0.0168
0,0184
0.0140
0.0074
0.0064
0.0057
0.0064

3.677
0.445
0.187
0.124
0,119
0.0764
0.0564
0.111
0.0497
0.0383
0.108
0.0361
0.0255
0.0417
0.0210
0,0180
0.0378
0.0127
0.0174

standard deviation ‘“
(1 012 molcculc  cm-~)

-

0.0030
0.0076
0.0043
0.0058
0.0022
0.0055
0.0046
0.0056
0.0047
0.0067
0.0029
0.0032
0.0078
0.0059
0,0049
0.0043
0.0054
0.0050
0.0018
0.0018
0.0037

0.0050
0.0069
0.0057
0.0038
0.0075
0.0033
0.0109
0.0056
0.0024
0.0028
0.0061
0.0019
0.0047
0.0045
0.0017
0.0040
0.0092
0.0027
0.0025
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I’able III. ]nversc N03  yield, ~)N~)3,  as a function  of initial chlorine nitrate concentration and N2

bath gas density for photolysis  in the Pyrex. ~JN03 is defined as [~loN02]0/[N03]  n,aX.

[(: ION02]0

(1 014 Inoleculc  c,,l-3)

0.25

0.50

0.75

.—. —_
N2 density

(1 018 rnolcculc  cIN-3)

0.073
0.137
0,217
0.299
0.794
1.608
2.417
3.215

0.046
0.112
0.193
0.273
0,438
0.597
0.765
1.579
2.396
3.192
6.440
9.693

12.92

0.164
0.248
0.407
0.575
0.733
1.544
2,366
3.168
6.409
9.655

12.89 ——. _ ._. ___

24.0
28.6
33.8
39.2

168,0
306.5
489.6
958.7

21.6
23.4
29.5
35.2
88.7

132.1
157.4
385.8
614,4
679.8

1313.
I 779,
~cco,

28.0
24.2
55.1

137,6
138.0
325.8
539.0
694.4
440.

!284,
!9]8.

“1 ‘empcrature

(K)

298

298

298

31



“]’a~]~  JI]. (CO)?’/. )

[ C 1 0 N 02] 0 ‘
(10]4 molecule cm-s)

1.00

2.00

3.00

4.00

N2 density
—--— —

(101 8 II1OICQ]]C  ~*,,-3)

0.148
0.365
0.585
1.017
2.154
3.233
4.333

0.230
0.714
1.522
2.342
3.137
6.387
9.626

12.86

0.120
0.608
1.423
2.230
3.041
6.2S1
9.525
2,76

0.181
0.s12
1.313
2.128
2.94S
6.185
9.420

12.66

0.080
0.407
0.486
1.218
2.039
2.843
6.075
9.320

12.55
.-— —.

‘-”’7‘1’cnlpcraturc

4-/
54,4

132.2
233.6
538.6
777.6

1066,
35.8

179.4
456,4
748.5
980.4

1828.
!990.
1321,

35.8
199.2
586.3
992.6
300.
422,
393.
400.

51.2
250.2
748.7
226,
630.
703.
206.
$79.

65,5
I 39.0
280.()
953.5

!538.
866.

!719.
io91.
270.

298

!98

98

——_-1
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‘J’~l)lC  111. (con’/)

[CION02]0

(1 014 Illolccu]c C,,,-3)

7.00

I 0.0

._
N 2 dCIISity

—— ._ —..__

(1 018 molcculc  cn,-~)

0.353 —

0.489
0.651
0.810
1.624
2.440
3.244
4.864
6.481

0.519
0.651
0.807
1.637
2.437
3.241
4.861
6.491—_—_____ ..-_

-m)3

141.5
205,4
565.4
717.9

1515.
1839.
2137.
2540.
2895.

564.8
785.4
977.5

1894.
2254.
{240.
~167.
i239.— — — .

“7l’cmpcraturc

( K )
I

r

298

. — .
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Table IV. ~10 and NOq product branching ratios.
Pressure [clO]-
(’1’err) (1 012 molccll]c CI,I-3)
Pyrex ccl] photolysis “)’’~_]

[CK)N02] = ] .2 x 1014
3,9 0.684 0.448

.“111

1 .68r—————
5.0 0.655 0352

0.407
10.0

1.906
0.681 0.593

0.399
25.2

2.052
0.576 0.601

0.376 ].9]]
50.4 0.342 0.624

0.402
75.0

1.018
0,207 0.598

0,417 0.578 0.583
(:IONOT]  = 2.5 x 1014 .— _ ___ ..__

&-

~~
~~  ~qgq:-

!5.2
;0.2

[C10N02] = 3.2 x 1014

;age ;[=_044~::g-----~;

“N03 = 0.56 f 0,07
Quartz cell photolysis

[W)N02] =- 1.3 x 1014

-;; ~--~:--~ --~

[(30N02]  = 2.5 x 10IQ

~0‘:
g~-~----~; ~~

[GION02] = 3 .;”:?014
10 ,0 11.91

—— _______ ._
0.594

.gx :

16.28 ‘-

25 .3 8.345
0,406

0.590
50. 1

11.59
6.009

0.410
0.578

75. 3
8.762

5.225
0.422

0.604 6.845 0.396Average  —
CIICIO = 0.61 f 0,06 dJ~O, ‘- 0 . 3 9  f 0 . 0 6— — .__. _. A
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‘J’able V. Secondary reactions involving CION02  photolysis  products.

Reaction

CION02 -- -% clo + NOz

-~ C] -I N03

-% ~lONO  -i 0

~] -1 ~10N02  –-.-+ ~]z -j NQ

O -t C10N02 —-+ CIO -i N03

(I1O -t NO1 –-& ~10N02

~10 -i N03 -–-+ OC1O + NOZ

C;] -i N03 - ~ c10 -i NOZ

N -i Noz -—M+ cloNo

NOZ + N03 –-~ -> N205

::1 -i cloNO -—> (12+ NOZ

::10 i C]o —h!+ C1202

:10 -i Clo --—--> g + 02

-----+ Cloo + c1

----> 0(:10  -1 c]

:120 2- .-M–> 2C1O

:] -1 C]202  - ---+ C]2 + Cloo

.:1 i (:100 -—+ C12 + 02

-–> 2CI0

:1-1 Oc]() - - ->  2CI0

:100”- ‘f---> c1 + 02

:] -102 --“+ Cloo

“1’his  work.

1Rcactio;  Rate cocftlcicllt
Number (Cn$ II101CCLI]C-’ s-l)

7la d),,,,,. ‘- 0.44, a),,,,,,, = 0.6] “

1 b

IC

2

3

4

5

6

7

3

3

I Oa

I ob

Oc

Od

1

2

I 3a

13b

4

5

6
— _ _

I q) ,,},., = 0.56, cD,,,,,,, = 0.39

(1) s 0.04

kzgg= I. OX IO-]l

k*98 = 2.0  x ]()-13

k2gR= 1.8x ]O-sl’c

k298 = 4.7 x 10-13

k~~g ‘ 2.4 X 1 0-11

k2gg = 1.S x 1 ()-30>c

k29* ‘ 2.2 x ] ()-30’c

Ii298 ~ 2.0X 10-11

k298,N2  =
2,0 x ] ()-m

k298 = 4.9 X 1 0-l S

kzg8 ‘ 8,0 x 10-]s

k29~= 3.5  X  10-]f

k2gg = 3.0 X 10-]g

k29g’ I.OX 10-]0

k~9x= 2.3 x 10”]o

k~g~ z 1.2X 10-’1

k2g~ = 5.8 X 10-11

k29~’ 1.1 x 10-]*

k2gg . 2.7 ~ I o-~~,c
—. ___ .-

Re f .  ‘—

a

a

8

14

14

14

14

14

14

14

)

‘5

5

5

5

5

4

4

4

4

4

4
—— .

b) llstimatcd from rate constants for Cl + C10N02 and CY + ~lNC)
c) units ofcm~ molccuIc-2 s-l
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Figure Captions

Figure 1. Spectral distributions of Ihc xenon flashlamp  with different cell/filter solution

combinations: (a) quartz, cell; (b) Pyrex ccl]; (c) l’yrcx cell with (lK(SOd)j.l 21 IZ() (100 g

1.-J) filter solution; (d) l’yrcx ccl] with (;c(Nf IA)J(N{)3)b  (5 g 1,-1) filter solution.

l~igurc  2. ‘1’hc uv-visible absorption spectrum of (~loNOj from ref. 14. Ilars at bottom of plot

indicate spectral regions cxcitcd by different cell/filter combinations.

Vigurc 3. N(+ temporal signals recorded with the OMA spcctromter  followinf~  photo]ysis  in

the I)yrcx  cell at total pressures ofl (a) 10.3 ‘1’err; (b) 25.3 ‘l’or-r; (c) 50.1 “1’err; and (d) 100.1

‘1’orr. ]Iath gas was Nz, [~l(JNOz]O  = 1 x 101” molecule cm-~, ancl ‘1’ = 298 K.

Figure 4. N03 temporal signals recorded with the PM’1’ spcctromctcr  following photolysis in the

l’yrex ccl] at total pressures ofl (a) 10.2 ‘1’err; (b) 15.2 I’err; (c) 25.1 ‘1’err; and (d) 50.3 “I’m-r.

JIalh gas was Nz, [~10N02]0  = 2 x 1014 molccu]c  cm-s, and ‘J’ = 298 K.

Figure 5. C10 temporal signals rccordcd with the OMA spcctromctcr following photolysis in

the l’yrcx ccl] at total pressures ofl (a) 5.1 ‘1’err; (b) 10.1 ‘1’err; (c) 15.1 ‘1’err; (cl) 24.9 ‘1’err;

and (c) 50.4 ‘1’cm. llath gas was N2, [[110N02]O” = 1 x 1014 molecule cm “3, and ‘1’ = 298 K.

Vigurc 6. (~1(1 temporal signals recorded with the l’h4’l’ spectrometer following photo]ysis  in the

Pyrex ccl] at total pressures ofi (a) 12.8 ‘lorr ([Nz] = 0.0 molccu]c  cm-~);  (b) 15.1 ‘J’orr ([N2]

= 0.789 x 1017 molecule cm-~);  and (c) 20,1 ‘1’orr ([N2] = 2.41 x 1017 molecule cm-~).

[(~loN02]o” = 4 x 1014 molecule CJn-~, and 1 = 298 K.

l’igurc  7. Noq temporal signals recorded with the OMA spectrometer following photo] ysis in

the quartz ccl] at total pressures ofl (a) 5 ‘1’err; (b) 100 ‘Jorr; and (c) 400 ‘1’orr. Iltshcd lines

arc a fit of the data to a Slcrn-Volmcr t ypc I ncchanism  that also inc]udcd  product secondary

chemistry, IIatb gas was N2, [00N02]0 z 1 x 1014 molecule cm ‘~, and “1’ = 298 K.

Figure 8. N03 temporal signals recorded with the I’M’]’ spcctromctcr  following photo]ysis  in the

quartz ccl] at total pressures ofl (a) 10.2 ‘I”orr;  (b) 25.1 “1’mr; (c) 50.3 ‘1’err; (d) 100.6 ‘1’err;

and (c) 200,0 ‘1’orr. llath gas was helium, [( HON02]O”  = 6.5 x 1014 molecule cm-~, and “J’ =-

298 K.
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l’igurc  9. ~lONOl  temporal signals measured with the I’Mcl’ spcctromctcr at 225 ml following

photo]ysis  in the l)yrcx ccl]. “J’otal  prtssurcs are: (a) 3.2  ‘I’m-r ([N2] = 0.0 nmlccu]c  cnl-~);

(b) 5.1 ‘1’orr ([N2] = 0.616 x 10]7 nm]cculc CJn-3);  and (c) 15.1 ‘1’orr ([Nz] = 3.80 x 101 7

I110kCU}CCIi3).  [(YON02]o=  ] x ]()]4]mdCCU]CCnI ‘J, anc l’]’= 2911K,

l~igurc  10. l{clati~~c  N03yicld asaf~lt~ctiol~  of N2deI}sityf orpl~otolysisi  r~tllcl)yrexccll.  Solid

symbols arc frcm the PM’I’ data; oJ)cn symbolsarcfrmnthc  OMA data. [{~lONOz]O=  1 x

10]4 molcculc CJN-3, and 3’=- 298 K.

J~igurc 11. Gxnpariscm of N03 and ~10 ploduct  yields as a function of N2 density for

photolysis in the Pyrex CC1l, Solid symbols arc for N03; open symbols arc for ~lo. lnitia]

chlorine nitrate ccmccntrations  are: (0) 2.5 x 1013 molecule cm -3; (m) 5.0 x 10]3 molecule

Cnl-s; (A) 7.5 X ] 0]3 J1101CCU]C CJ11-3; -3ant] (t) 1.0 x 1014 nmlcculc  cm .

Figure 12. N(33 product yield as a function of air density for the four cell/filter solution

combinations. (<1) unfiltcrcc] quartz cell; (V) unfi]tcrcd Pyrex ccl]; (0) l)yrcx ccl] with

GK(S01)2*I 21 lZO filter solution; (~) l’yrcx ccl] with CC(N}  14)2(N03)b filter solution.

Solid ]incs arc empirical fits to each data set and arc provided as a visual guide.

l~igure  13. inverse N03 product yield as a function of N2 density and initial chlorine nitrate

concentration. ]nitial  concentrations arc: (o) 2.5 x 10’s molcculc  cm-s; (< )) 5.0 x 1013

JllO] CCU]C C1ll -3; (m) 7.5 x 10’3 molcculc  cm-’; ~ i) 7.5 x 10” molecule cm-’ (220 K); (~)

] .() X ] 014 I11O]CCLJ1C C111-3,“ (~\) 2.0X ] ()*4 llIO]CCUIC C111-3; (+) ~.() X ] 014 IIIO]CCU]C CJli3;  @)

4.0 x 1014 molcculc cnl-3; (t) 7.0 X 1014 JNO]CCUIC C11i3;
-3and (’~~)  1,0 x 101s mo]cculc  CJN .

‘1’cmpcraturc  was 298 K unless otherwise indicated.

Figure 14. Simulations of the N03 data for photo]ysis  in the unfiltered  Pyrex ccl] using a

mcchani  m that includes quenching to and dissociation from a mctastablc intermediate as

we] 1 as the product secondary chemistry outlined in ‘1 ‘able V. Total pressures arc: (a) 5

‘1’err; (b) 10 l-m-r; (c) 25 ~’err; and (d) 100 ‘J’orr.

Figure 15. Vertical excitation energies of the cxcitcd electronic states of chlorine  nitrate adapted

from reference 10.
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.

4 lA” 7.10 eV (.000)

4 lA’ (Z + K*) 6.62 eV
— 3 lA’ 6.47 eV (.0126)

— — — — — — — —

3 lA” (n .+n*)

2 *A’ (n+@)
2 lA” (n+ m*)

1 ‘A” (n+@)

(.1849) 4  3A” 6 . 7 2  eV

— — — — — — — — — — — —
‘Oum>  cIt-off–

5.85 eV (.0004) 3 3A” (n +n*) 5.77 eV

5.21 eV (.0006)
4.93 eV (.000)

2 3A’ (n + z*) 4.71 eV
2 3A” (n +EC*) 4.56 eV

4.36 eV (.0013) 1 3A (n +CP) 4.30 eV
.—— — ——— ——— ——— ——— —— — — — ——

‘Pyrex c~t-off

~ 3A.’ (n ~ @ 3.43 ev

_ 1 *A’ 0.0 eV


